Inspired by the seminal work of Anfinsen, investigations of the folding of small water-soluble proteins have culminated in detailed insights into how these molecules attain and stabilize their native folds. In contrast, despite their overwhelming importance in biology, progress in understanding the folding and stability of membrane proteins remains relatively limited. Here we use mutational analysis to describe the transition state involved in the reversible folding of the β-barrel membrane protein PhoPQ-activated gene P (PagP) from a highly disordered state in 10 M urea to a native protein embedded in a lipid bilayer. Analysis of the equilibrium stability and unfolding kinetics of 19 variants that span all eight β-strands of this 163-residue protein revealed that the transition-state structure is a highly polarized, partly formed β-barrel. The results provide unique and detailed insights into the transition-state structure for β-barrel membrane protein folding into a lipid bilayer and are consistent with a model for outer membrane protein folding via a tilted insertion mechanism.
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beta barrel | membrane protein | PagP | phi-value analysis | protein folding M embrane proteins are encoded by up to 30% of genes in most organisms (1) and are crucial to a wide diversity of essential activities in biology (for example, ref. 2 and references therein). Identifying the forces that govern the folding and stability of membrane proteins is thus fundamental to understanding their functions and elucidating how sequence changes give rise to altered functional properties and, for some such proteins, grave disease (3) . Membrane proteins divide into two major classes: proteins that are α-helical in their transmembrane domains and are ubiquitously distributed and proteins that span the membrane in the form of a β-barrel and are found within the outer membranes of Gram-negative bacteria, chloroplasts, and mitochondria. α-Helical membrane proteins are difficult to unfold to an unstructured state (4), hampering detailed investigations of their folding mechanisms into the lipid bilayer (5) . Important progress in folding studies on this class of membrane proteins has been made recently, however, using detergentsolubilized proteins (6) . In particular, partial denaturation of bacteriorhodopsin followed by refolding/unfolding into mixed detergent/lipid micelles by titration of the destabilizing detergent sodium dodecyl sulfate has provided insights into the packing of preformed helices around a critically maintained helical core in the denatured state of the protein (7) (8) (9) (10) . Such an approach cannot be employed, however, to investigate folding of membrane proteins into a lipid bilayer, the physicochemical properties of which are known to have profound effects on membrane protein stability and assembly (10) (11) (12) (13) (14) . By contrast with the recalcitrance of α-helical membrane proteins to complete denaturation, β-barrel transmembrane proteins are readily unfolded using membrane-compatible chaotropes (14) (15) (16) . For outer membrane protein A (OmpA), this has allowed energetic contributions of functionally important hydrogen bonds (17) and of residues in the anchoring aromatic girdles (18) on stability to be quantified. Despite their experimental tractability and ubiquity in nature, however, a detailed structural description of the folding transition state of any β-barrel membrane protein remained to be achieved.
Here we have exploited the experimental amenability of the Escherichia coli outer membrane protein PhoPQ-activated gene P (PagP) to provide a detailed analysis of the folding mechanism of a β-barrel transmembrane protein. PagP comprises a monomeric eight-stranded β-barrel with an N-terminal, amphiphathic α-helix (19, 20) (Fig. 1A) . The protein functions as an enzyme as part of the bacterial stress response mechanism, reinforcing the outer membrane by transferring a palmitoyl chain from phospholipids to lipopolysaccharides (21) . We have previously shown that PagP folds spontaneously into lipid bilayers, commencing from a highly denatured state that lacks residual secondary structure in 6 M guanidinium chloride (Gdn-HCl). Having established conditions under which this transition is fully reversible, we here present an integrated thermodynamic and kinetic analysis of the folding and unfolding transition of the wild-type protein. Combined with analysis of the stability and folding properties of 19 variants of the protein that contain single-point mutations spanning all eight β-strands of the native β-barrel, we describe the transition state for folding of a β-barrel membrane protein into a lipid bilayer in residue-specific detail. The results reveal a transition-state structure that is highly polarized, involving at least partial structure formation in all eight β-strands of the native β-barrel, and suggest a route by which a folding polypeptide chain can both enter and traverse a bilayer to adopt its native state.
Results
Thermodynamic and Kinetic Measurements of the Folding and Unfolding Transition of Wild-Type PagP. In previous work we have shown that PagP folds spontaneously from a completely unfolded conformation in 6 M Gdn-HCl into di-lauroyl-phosphatidylcholine (diC 12∶0 PC)-liposomes at a lipid-to-protein ratio (LPR) of 800∶ 1 in the presence of 7 M urea (22) . Here, using tryptophan (Trp)-fluorescence as a probe for correct folding, we established that 0.4 μM PagP denatured in 10 M urea folds efficiently to its native state in 100 nm diC 12∶0 PC-liposomes at an LPR of 3200∶1 in a transition that is completely reversible and is independent of both the protein and lipid concentration under the conditions employed (Fig. 1B) (SI Text and Fig. S1 ). The resulting equilibrium curve fitted well to a two-state transition from which the thermodynamic properties of the protein were determined, with a free energy for unfolding, ΔG 0 UN , of 60.17 AE 1.80 kJ∕mol and an M UN of 6.86 AE 0.20 kJ · mol −1 · M −1 , the latter being a To whom correspondence may be addressed. E-mail: d.j.brockwell@leeds.ac.uk or s.e.radford@leeds.ac.uk.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0911904107/DCSupplemental. measure for the buried surface area in the native structure ( Fig. 1B and Table S1 ). Refolding experiments using lipids within the gel phase at the temperature used (25°C with diC 16∶0 PC-liposomes or 10°C with diC 14∶0 PC-liposomes) indicated that the folding reaction commences from a highly unfolded state in 10 M urea that is lipid-associated and lacks β-sheet secondary structure (SI Text and Fig. S2 ). Full reversibility, independent of both the protein and lipid concentration, was not obtained at lower LPRs or in liposomes of other composition or size (see SI Text for further details).
Using these conditions, the (un)folding kinetics of wild-type PagP were examined using Trp-fluorescence as a probe of folding/unfolding into/out of 100 nm diC 12∶0 PC-vesicles. In 7 M urea the kinetics of folding revealed a large burst phase followed by two exponential phases (Table S2 ). Closer to the transition midpoint (at ½urea ≥ 7.8 M) the folding kinetics fitted well to a single exponential phase that described the total expected kinetic amplitude ( Fig. 2A) . The kinetics of unfolding fitted well to a single exponential at all urea concentrations examined (Fig. 2B) . Combining both sets of data, a chevron plot describing the urea-concentration dependence of the (un)folding rate constants was constructed (Fig. 2C ). This revealed a linear unfolding branch that intersected with the folding branch close to the expected midpoint ( Mutant Design. Structural insights into the folding transition states of many small, water-soluble proteins have been obtained using ϕ-value analysis (25, 26) , which combines measurements of the effects of mutation on the thermodynamic stability of the native state and the folding and/or unfolding kinetics for a series of sitedirected mutants. To determine the nature of the (un)folding transition state of PagP using ϕ-value analysis, 19-point mutants were generated that spanned all eight β-strands that comprise the native β-barrel (Fig. 3A and B) . Ten of the mutations targeted residues buried in the β-barrel interior, seven of which disrupted hydrogen bonds (S58A, E90A, T108A, S130A, T137A, Q139A, and Q160A), whereas D24N, R94A, and M72A were created to disrupt a salt bridge, a cation-π interaction, or to probe the catalytic binding pocket, respectively. Four residues were mutated in the aromatic girdles defining the PagP surface at the membrane interface. Two (W51A and Y153A) are in the extracellular girdle, and two (W17A and Y23A) are in the periplasmic girdle, of which W17A is on the N-terminal amphiphatic α-helix. The remaining five residues mutated were in the hydrophobic band on the β-barrel surface (F55A, A85G, Y87A, L105A, and M157A) (Fig. 3A and B, Table S1 , and Fig. S3 ).
Thermodynamic and Kinetic Analysis of the Equilibrium Stability and
Unfolding Kinetics of PagP Variants. For each variant of PagP created, the thermodynamic stability of the variant was determined using equilibrium titration with urea ( Fig. 1B-D) . Equilibrium unfolding curves for all variants were shown to be reversible with no hysteresis. In every case the resulting unfolding transition fitted well to a two-state transition. Due to the sparsity of the data in the pre-and posttransition baselines, the data were globally fitted yielding a value for M UN of 6.86 AE 0.20 kJ · mol −1 · M −1 . The stabilities of the variants were found to vary widely from the value of the wild-type protein from ΔG 0 UN ¼ 60.92 AE 0.33 kJ∕mol (e.g., for Q160A), to 53.75 AE 0.36 kJ∕mol for the most destabilized mutant (R94A) ( Table S1 ). With the sole exception of Q160A, all mutations were destabilizing (Fig. 1B-D, Table S1 ).
Given the complexity of the refolding kinetics below 7.8 M urea and the destabilized nature of most of the variants created, the unfolding kinetics, which were shown to be invariant over a broad range of PagP concentrations (Fig. 2D, Table S1 ), were determined using dilution of the native protein in 100 nm diC 12∶0 PCliposomes into high concentrations of urea (see Materials and Methods) (Fig. 3C-H) and used for the calculation of the ϕ-values. For 18 of the 19 variants the unfolding kinetics of the lipidembedded native protein were measured between 8.8 M urea (the unfolding midpoint for wild-type PagP) and 10 M urea, whereas for W17A unfolding was measured over a narrower urea-concentration range (Fig. 3G ) because unfolding otherwise became too rapid to measure accurately by the manual mixing protocol used. Examples of unfolding transients are shown in Fig. 3C -E, and the corresponding urea-concentration dependences of the unfolding-rate constants are displayed in Fig. 3F -H. All curves were fitted globally yielding a common m u of 2.52 AE 0.11 kJ · mol −1 · M −1 , consistent with a conserved unfolding mechanism for all variants involving a transition-state ensemble with a β T of 0.6. Examination of the unfolding kinetics revealed two general observations. First, four of the five residues mutated that lie on the hydrophobic surface of the β-barrel increased the unfolding rate only marginally (<2-fold), despite destabilizing the native state by circa 3-5.5 kJ/mol, suggesting that these residues are highly structured in the transition-state ensemble (Fig. 3F , Table S1 ). By contrast, the remaining variant in this region, Y87F, resulted in a 10-fold increase in the unfolding rate constant despite resulting in a similar ΔΔG 0 UN , providing important and unique evidence that the β-barrel is not complete within the transition-state structure (Table S1 , Fig. S3B ). Second, mutation of residues located in the N-terminal half of the PagP sequence (W17A, Y23A, D24N, W51A, F55A, S58A, Y87F, E90A, R94A) generally had a greater effect on the unfolding rate constants than mutation of residues located in the C-terminal half of the protein sequence (L105A, S130A, T137A, Q139A, Y153A, Q160A) (Fig. 3F-H) , suggesting a polarized structure for the transition-state ensemble.
ϕ-Value Analysis. The unfolding rate constants of wild-type PagP and each of its variants were compared at 8.8 M urea, and the differences in the activation energies for unfolding, ΔΔG 0 N- ‡ , were calculated. The ratio between ΔΔG 0 N- ‡ and ΔΔG 0 UN was then used to calculate the ϕ-value for folding, ϕ F , where ϕ F ¼ 1 − ϕ U (25) . A value of 0 suggests side chains that are structurally unfolded in the transition-state ensemble, whereas a value of 1 suggests a highly native-like environment of the side chain. In the PagP transition state, eight of the calculated ϕ F -values were >0.5 and six were <0.3 (Table S1 ). Of the variants with ϕ F > 0.5, five were located in the C-terminal strands (E-H) and one was in the periplasmic turn between strands D and E, suggesting that the C-terminal half of the β-barrel is well structured in the transition-state ensemble (Fig. 4A and B) . However, the low ϕ F -value (≤0.30) of T108A and Q139A in strands E and G, respectively, indicate that the β-barrel is only partially formed. Indeed, whereas T108 is involved in a hydrogen bond to Y70 on strand C in the native structure of PagP, Q139 is involved in a wider hydrogen bonding network involving residues on strands D (E90), F (S130), and H (R158) in native PagP (Fig. S3C, G, and H) . All other variants with ϕ F < 0.3 (W17A, Y23A, D24N, S58A, Y87F; Table S1 ) are spatially close to the N-terminal α-helix in native PagP (Fig. 4A) , consistent with the docking of this helix and the completion of the β-barrel occurring late in the folding process after the transition state has been traversed within the lipid bilayer (22, 27) . Interestingly, W17A and T108A had negative ϕ F -values, suggesting that these residues make nonnative stabilizing contacts in the transition-state ensemble, although the identity of these contacts remains to be elucidated (28) . Overall, the data revealed a transition-state ensemble that is highly polarized and in which the β-barrel is largely formed but remains open and relatively unstructured toward the periplasmic side, where interactions with the N-terminal helix ultimately will occur as the native state develops.
Discussion
The data presented above reveal unique insights into the transition state for folding of a β-barrel membrane protein. Importantly, the folding reaction is initiated from a membrane-adsorbed, yet highly unfolded conformation that lacks secondary structure (Fig. 4C, stage I ) and results in a native protein embedded within a lipid bilayer. We showed, using mutational analysis, that the folding/unfolding transition-state ensemble involves formation of the extracellular half of the β-barrel, in which the C-terminal β-strands are highly structured, whereas the N-terminal β-strands and the α-helix remain poorly organized (Fig. 4) . The data are consistent with tilted insertion into the membrane, suggested by the distinct pattern of ϕ F -values in which residues unstructured in the transition-state ensemble are flanked by regions with high ϕ F -values, some residues possessing ϕ F -values close to 1.0 (Fig. 4C stage II). Subsequent assembly of the helical clamp and completion of the β-barrel then locks the native state of PagP into the membrane (22, 27) (Fig. 4C, stage III) . Importantly, a similar tilted insertion mechanism was predicted by simulation of the assembly of OmpA into lipid bilayers (29) . Such a mechanism is also consistent with experimental studies of OmpA insertion into lipid bilayers, in which the Trp-residues in the extracellular aromatic girdle were shown to migrate through the membrane in a concerted fashion (30) . Together with the data presented here on PagP, we suggest that tilted insertion may be a generic route for folding and insertion of β-barrel membrane proteins into a lipid bilayer. Interestingly, tilted migration through the membrane has also been proposed for the α-helices in the voltage-sensor domain upon the activation of voltage-gated ion channels (31) and in the assembly of α-helical pore toxins (32) , suggesting that tilted insertion may be also utilized for insertion of membrane proteins of other structural classes.
The extent to which the spontaneous in vitro folding mechanism of PagP resembles that of other β-barrel membrane proteins that have been investigated (15, 16) remains to be established. A second key question concerns the relationship of the mechanism of folding studied here in vitro with the biological folding mechanism, in which molecular chaperones have been purported to deliver partially folded outer membrane proteins to the membrane for their insertion (33) . In one suggested mechanism, unfolded outer membrane proteins are targeted via a speciesspecific C-terminal motif to a polypeptide-transport-associated domain of the outer membrane YaeT-complex that then promotes the formation of β-strands via β-augmentation and spontaneous membrane insertion of the β-barrel (34, 35) . Interestingly, in the present study the C-terminal transmembrane β-strands of PagP were found to be highly structured in the transition-state ensemble. Early folding of this region of the barrel could provide a mechanism for YaeT-facilitated membrane insertion in vivo. The challenges for the future will be to use the approaches developed here to investigate whether tilted insertion is a generic mechanism of β-barrel membrane protein folding and to elucidate precisely how accessory chaperones contribute to the folding of these proteins both in vitro and in vivo.
Methods
Expression and Purification of PagP-Mutants. Site-directed mutations were introduced into the PagP gene sequence (22, 36) using primers listed in Table S3 . Wild-type PagP and PagP variants were produced and purified from inclusion bodies and refolded into liposomes (22) . Details are described in SI Text.
Equilibrium Unfolding and Refolding. Equilibrium unfolding/refolding was investigated between 7 and 10 M urea using an LPR between 200∶1 and 4000∶1 in liposomes of different compositions at PagP concentrations between 0.1 and 0.4 μM. PagP was initially inserted into liposomes by diluting the protein in the presence of liposomes in 50 mM sodium phosphate buffer (pH 8) containing 7 M urea at 25°C. For unfolding equilibrium curves refolded PagP was diluted threefold with appropriate amounts of urea. Refolding equilibrium curves were obtained by mixing unfolded PagP in the presence of liposomes in 10 M urea, but previously refolded in 7 M urea, with appropriate amounts of urea to yield identical reaction conditions to those for the unfolding curve. Samples were incubated overnight at 25°C. Trp-fluorescence emission spectra were measured between 310 and 370 nm upon excitation of the samples at 280 nm with excitation and emission slit widths of 3 nm using a Photon Technology International fluorimeter (Ford, West-Sussex, United Kingdom). The average emission wavelength was calculated (37) , and the resulting curves were fitted globally according to a twostate model (38) . Details are given in SI Materials and Methods.
Folding and Unfolding Kinetics. To measure the folding and/or unfolding rates of PagP, samples were prepared as above. Folding kinetics were measured in the presence of 7 M urea or between 7.8 and 8.8 M urea. Unfolding kinetics were measured between 8.8 and 10 M urea for wild-type PagP and all variants created except for the highly destabilized W17A variant, for which the rate of unfolding was measured between 8 and 8.8 M urea. Changes in Trp-fluorescence emission were measured at 335 nm upon excitation at 280 nm with excitation and emission slit widths of 3 nm using a Photon Technology International fluorimeter (Ford, West-Sussex, United Kingdom) equipped with a thermally controlled 4 cell changer. The temperature was regulated to 25°C using a waterbath. The path length was 10 mm. Transients were followed for up to 4 h. Samples were mixed manually, resulting in a dead time of approximately 15 s. Traces were adjusted to account for photobleaching and fitted to a single or a double exponential function using Origin Pro version 7.5.
Analysis of Two-State Folding. Empirically, the total free energy change upon unfolding, ΔG [1]
In a two-state folding process where only the native (N) and the unfolded (U) state are populated,
Thus, the folding and unfolding rate constants also depend linearly on the denaturant concentration by the equation lnðk f Þ ¼ lnðk
The denaturant dependences of the (un)folding rate constants characterized by the m value for folding (m f ) or unfolding (m u ) relate to the M UN value measured in equilibrium experiments by M UN ¼ m f þ m u : [5] Folding and unfolding rate constants in the urea-concentration range measured were fitted using Eqs. 3 and 4, respectively, and the results were interpreted to verify Eqs. 2 and 5. Calculation of ϕ-Values. ϕ-value analysis assesses the relative changes in free energy of the folded state and the transition state relative to the unfolded reference state upon the mutation of one or more residues, i.e., the ratio [6] in which hM UN i is the average M UN (39) . Changes in activation free energy for unfolding, ΔΔG 0 N- ‡ , were determined from the kinetic unfolding rate constants as follows (40):
and were calculated using the unfolding rate constants measured at 8.8 M urea to avoid the introduction of large errors by extrapolation. The ϕ-value for folding, ϕ F , was calculated using ϕ F ¼ 1 − ϕ U (25).
